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Nicotinamide for Skin-Cancer Chemoprevention N onmelanoma skin cancers, mainly basal-cell carcinomas and squamous-cell carcinomas, are the most common cancers in white populations. 1 In Australia, nonmelanoma skin cancers are four times as common as all other cancers combined, 2, 3 and in the United States, the annual total cost of treating nonmelanoma skin cancers is estimated to be $4.8 billion. 4 Basal-cell carcinomas rarely metastasize but are locally invasive and can be disfiguring. 5 Squamous-cell carcinomas, especially less well-differentiated tumors on the head and neck, have metastatic potential and may originate from premalignant actinic keratoses. 6 Nonmelanoma skin cancers and actinic keratoses are caused primarily by exposure to ultraviolet (UV) radiation. 7 The use of sunscreens can reduce the incidence of squamous-cell carcinoma 8 and actinic keratosis 9 and may also reduce the incidence of basal-cell carcinoma and melanoma after prolonged use. 10 However, adherence to the application of sunscreens is often suboptimal, even among high-risk persons. 11 The increasing incidence of nonmelanoma skin cancer worldwide 14 highlights the need for additional preventive measures.
UV radiation increases the risk of skin cancer by damaging DNA, suppressing cutaneous antitumor immunity, 12 and inhibiting DNA repair by depleting cellular ATP. 13 Nicotinamide is an amide form of vitamin B 3 and the precursor of nicotinamide adenine dinucleotide (NAD + ), an essential cofactor for ATP production. Nicotinamide prevents ATP depletion and glycolytic blockade induced by UV radiation, 13 thereby boosting cellular energy and enhancing DNA repair. 14, 15 Nicotinamide also reduces the level of immunosuppression induced by UV radiation, which is triggered by DNA damage, 16 without altering baseline immunity. 17, 18 Therapy with nicotinamide, administered orally in healthy volunteers at daily doses of 500 mg or 1500 mg, resulted in similar levels of protection against immunosuppression induced by UV radiation. 18 Two phase 2, double-blind, randomized, placebocontrolled trials showed that among Australians with sun-damaged skin, the number of actinic keratoses at 4 months was 29% lower among those who received 500 mg of nicotinamide administered orally once daily and 35% lower among those who received 500 mg of nicotinamide twice daily than among those who received placebo. 19 Given the activity of nicotinamide in these preclinical and early clinical studies, we conducted a multicenter, phase 3, double-blind, randomized, placebo-controlled trial (Oral Nicotinamide to Reduce Actinic Cancer [ONTRAC] ) to assess the efficacy of oral nicotinamide for the chemoprevention of nonmelanoma skin cancer in a high-risk population.
Me thods

Study Design and Oversight
The ONTRAC study was conducted at the Royal Prince Alfred and Westmead Hospitals in Sydney. The protocol of the study was approved by the human ethics committees of the University of Sydney and of each participating center, and all the study participants provided written informed consent. All the authors participated in the design of the study, collected the data, and contributed to the analysis or interpretation of the data (or both). All the authors vouch for the completeness and accuracy of the data and analyses and for the fidelity of the study to the protocol, which is available with the full text of this article at NEJM.org. The first author wrote the first draft of the manuscript; no one who was not an author contributed to the writing of the manuscript. The decision to submit the manuscript for publication was made by all the authors. There were no agreements regarding data confidentiality between the sponsor (University of Sydney) and the authors. The nicotinamide and placebo tablets used in the study were donated by the manufacturer (Blackmores), which had no role in the design of the study, in the accrual or analysis of data, in reviewing the manuscript, or in the decision to submit the manuscript for publication.
Study Participants
Eligible participants were 18 years of age or older and had had at least two histologically confirmed nonmelanoma skin cancers in the previous 5 years. Participants were ineligible if they were immunosuppressed; were pregnant or breastfeeding; had notably impaired liver or kidney function; had active peptic ulcer disease, a recent myocardial infarction, hypotension, a genetic skin-cancer syndrome, or large areas of confluent skin cancer (i.e., individual lesions that could not be counted); or had used nicotinamide supplements, oral retinoids, or field treatments for actinic keratosis, such as topical fluorouracil, in the previous 4 weeks. Participants were also excluded if they had had metastatic cancer, invasive melanoma, or an internal malignant condition in the previous 5 years.
Study Procedures
We randomly assigned participants in a 1:1 ratio to receive either 500 mg of nicotinamide (Insolar, Blackmores) twice daily or matched placebo. Randomization was performed centrally with stratification according to 5-year history of nonmelanoma skin cancer (<6 vs ≥6 nonmelanoma skin cancers), sex, and study site. Nicotinamide and placebo were administered in identical coated tablets. Participants received either nicotinamide or placebo for 12 months, and adherence was monitored by two of the authors who counted the remaining tablets at each visit through 12 months. Skin-cancer checks were performed by dermatologists, who were unaware of the study-group assignments, at baseline and at visits at 3-month intervals (hereafter referred to as 3-month visits) for 18 months. Detected lesions that did not immediately warrant biopsy were monitored at subsequent visits, and if they were later found to be malignant on biopsy, the date of their initial detection was assigned as the date of detection for analyses. Actinic keratoses on the face, scalp, forearms, and hands were counted by means of palpation and observation at baseline and at the 3-month visits through 12 months by a single author at each site, who was unaware of the study-group assignments. The histologic diagnosis of skin cancer was made by histopathologists at each site according to routine clinical practice. All new squamous lesions, including invasive squamous-cell carcinoma, keratoacanthomas, Bowen's disease (squamouscell carcinoma in situ [full-thickness epidermal dysplasia]), and actinic keratoses (partial-thickness epidermal dysplasia), 20 and new high-risk subtypes of basal-cell carcinoma (morpheic, infiltrating, and micronodular) 20 were additionally reviewed by a single histopathologist, who was unaware of the study-group assignments, to ensure consistent classification of the types of squamous-cell carcinoma and subtypes of basalcell carcinoma. New melanomas and severely dysplastic nevi were reviewed by a single histopathologist with subspecialty expertise in melanocytic neoplasms, who was unaware of the study-group assignments. Assessments for adverse events were performed over the course of the entire 12-month intervention period and for 30 days thereafter. Blood samples were obtained at baseline and at 12 months for full blood counts and for assessment of electrolyte levels and renal and liver function.
Study End Points
The primary end point was the number of new, histologically confirmed nonmelanoma skin cancers (i.e., basal-cell carcinomas plus squamouscell carcinomas, including invasive and in situ squamous-cell carcinoma) through the end of the 12-month intervention period. Secondary end points included the number of new basal-cell carcinomas, new squamous-cell carcinomas, and actinic keratoses during the 12-month intervention period, the number of new nonmelanoma skin cancers in the 6-month postintervention period, and the safety of nicotinamide as assessed by the numbers and types of adverse events. Because previous studies have suggested a benefit from nicotinamide 21, 22 with respect to cognitive function and transepidermal water loss, these variables were also prespecified as secondary end points, but the results are not presented here.
Statistical Analysis
We estimated that with a sample size of 386, the study would have 90% power to detect a 33% lower rate of new nonmelanoma skin cancers with nicotinamide than with placebo at 12 months at a 5% level of significance, assuming that nonmelanoma skin cancer counts would follow a Poisson distribution and that a mean of 1.0 new nonmelanoma skin cancers per person would be detected in the placebo group, and allowing for an average rate of nonadherence of up to 10%. Analyses were prespecified in a statistical analysis plan (see the protocol) and were performed according to the intention-to-treat principle. In accordance with the provision specified in the statistical analysis plan, a negative binomial model was used for the analysis of data on nonmelanoma skin cancer because of overdispersion that rendered the Poisson model inappropriate. Models included an offset term to account for variation in the duration of follow-up. The primary analysis of nonmelanoma skin cancers included center and 5-year nonmelanoma skin cancer history as covariates; these covariates were omitted in a secondary sensitivity analysis. basal-cell carcinomas and squamous-cell carcinomas. The consistency of the treatment effect with respect to the primary end point was investigated by means of a series of prespecified subgroup analyses that tested for an interaction between study-group assignment and age, sex, 5-year nonmelanoma skin cancer history, actinic keratosis count at baseline, smoking, nonsteroidal antiinflammatory drug use at baseline, 23 and statin use at baseline. 24 With an assumption of independence among the seven tests of interaction, there was a 30% probability that at least one P value would be less than 0.05 by chance alone. We explored the consistency of the treatment effect on the rate of nonmelanoma skin cancer over time by using generalized estimating equations to fit a negative binomial model for repeated measures to the data on nonmelanoma skin cancer collected at the 3-month visits. The data on actinic keratosis counts collected at the 3-month visits were analyzed with the use of a mixed-effects model for repeated measures. Models for repeated measures included study group, center, baseline value, time point, and the interaction between time and study group as covariates. No formal adjustment for multiple comparisons was made to P values from secondary analyses.
R esult s
Patient Characteristics
During the period from July 2, 2012, to June 14, 2014, we evaluated 432 patients (321 at the Royal Prince Alfred Hospital and 111 at the Westmead Hospital in Sydney) to determine eligibility for enrollment. We randomly assigned, in a 1:1 ratio, 386 of these patients (292 at the Royal Prince Alfred Hospital and 94 at the Westmead Hospital) to receive either nicotinamide or placebo (193 patients in each study group) (Fig. 1) . The baseline characteristics were similar in the two groups ( Table 1 ). The median rate of adherence to the nicotinamide or placebo regimen over the 12-month intervention period was 96% (mean, 88%) in the placebo group and 94% (mean, 89%) in the nicotinamide group, with no betweengroup differences in adherence at any of the 3-month visits (Table S1 in the Supplementary Appendix, available at NEJM.org). Follow-up rates were high, and skin assessments after baseline were available for all but 3 participants (Fig. 1) . Figure 2 shows the results for the development of new nonmelanoma skin cancers, basal-cell carcinomas, and squamous-cell carcinomas. The mean number of new nonmelanoma skin cancers per person through the 12-month intervention period was significantly lower in the nicotinamide group than in the placebo group (1.8 [total of 336 cancers] vs. 2.4 [total of 463 cancers]), representing a rate that was lower by an estimated 23% (95% confidence interval [CI], 4 to 38) with nicotinamide after adjustment for center and 5-year nonmelanoma skin-cancer history (P = 0.02) and by an estimated 27% (95% CI, 5 to 44) with no adjustment (P = 0.02). At each 3-month visit during the 12-month intervention period, the estimated rate of new nonmelanoma skin cancers was lower in the nicotinamide group than in the placebo group: relative difference, 25% (95% CI, −7 to 48) at 3 months (P = 0.11), 27% (95% CI, −5 to 50) at 6 months (P = 0.09), 18% (95% CI, −18 to 43) at 9 months (P = 0.29), and 29% (95% CI, −6 to 52) at 12 months (P = 0.09). The effect of nicotinamide on nonmelanoma skin cancers was not maintained into the 6-month follow-up period after the drug was discontinued (relative difference, nicotinamide vs. placebo, −17%; 95% CI, −59 to 14; P = 0.33) or modified by age, baseline actinic keratosis count, sex, smoking status, nonsteroidal antiinflammatory drug use, or statin use (Fig. S1 in the Supplementary Appendix). There was a trend toward greater effectiveness of nicotinamide among patients who had had a higher number of nonmelanoma skin cancers in the 5 years before baseline. The interaction term was significant (P = 0.02) when the nonmelanoma skin cancer count in the previous 5 years was treated as a continuous covariate, but was not significant (P = 0.18) when 5-year history of nonmelanoma skin cancer was treated as a categorical covariate (i.e., <6 vs. ≥6 nonmelanoma skin cancers). There was no significant difference between the groups in the number of recurrent nonmelanoma skin cancers (13 in the placebo group and 17 in the nicotinamide group).
Outcomes of Nonmelanoma Skin Cancers and Actinic Keratoses
The mean number of basal-cell carcinomas per person through the 12-month intervention period was 1.3 in the nicotinamide group (total of 239 cancers) and 1.7 in the placebo group (total of 327 cancers), representing a rate that was lower by an estimated 20% (95% CI, −6 to 39) with nicotinamide after adjustment for center and 5-year basal-cell carcinoma history (P = 0.12). This relative difference with respect to basal-cell carcinomas appeared to be associated primarily with a lower number of superficial basal-cell carcinomas in the nicotinamide group than in the placebo group ( Table 2 ). The number of basal-cell carcinomas was similar in the two groups in the 6-month postintervention period (relative difference, nicotinamide vs. placebo, −6%; 95% CI, −53 to 26; P = 0.73).
The mean number of squamous-cell carcinomas per person through the 12-month intervention period was 0.5 in the nicotinamide group (total of 97 cancers) and 0.7 in the placebo group (total of 136 cancers), representing a rate that was lower by an estimated 30% (95% CI, 0 to 51) with nicotinamide after adjustment for center and 5-year squamous-cell carcinoma history (P = 0.05). The effect of nicotinamide appeared to be independent of the differentiation of squamous-cell carcinoma (well differentiated, moderately differentiated, or poorly differentiated) ( Table 2 ). There was a nonsignificant trend toward the development of more squamous-cell carcinomas in the nicotinamide group than in 48 (25) 53 (27) * Plus-minus values are means ±SD. There were no significant differences between the groups at baseline except for a more frequent history of asthma (P = 0.03) in the nicotinamide group. the placebo group in the 6-month postintervention period (relative difference, nicotinamide vs. placebo, −59%; 95% CI, −163 to 4; P = 0.07). The number of actinic keratoses was 11% lower in the nicotinamide group than in the placebo group at 3 months (P = 0.01), 14% lower at 6 months (P<0.001), 20% lower at 9 months (P<0.001), and 13% lower at 12 months (P = 0.001). This equated to 3 to 5 fewer actinic keratoses, on average, from the baseline count in the nicotinamide group than in the placebo group (Fig. 3) . The rate of sunscreen use in the week before baseline and at the 3-month visits through 12 months was lower in the nicotinamide group than in the placebo group (Table  S2 in the Supplementary Appendix).
Safety
No clinically significant between-group differences were found with respect to the number or types of adverse events that occurred in the study groups (Table S3 in the Supplementary Appendix). The terms for the most common serious adverse events, reported according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03, that occurred in the two groups combined included neoplasm (12 patients), cardiac chest pain (9 patients), fall (7 patients), lung infection (6 patients), atrial fibrillation (6 patients), injury (6 patients), heart failure (5 patients), and hematoma (5 patients). Two internal cancers were diagnosed in the placebo group (duodenal carcinoma diagnosed at month 1 of the study and lung cancer at month 3) and five internal cancers were diagnosed in the nicotinamide group (non-Hodgkin's lymphoma diagnosed at month 1 of the study, colorectal cancer at month 2, lung cancer at month 2, prostate cancer at month 7, and bladder cancer at month 9). Four new invasive melanomas and six new melanomas in situ were diagnosed during the 12-month intervention period and were evenly distributed between the two groups. A microcystic adnexal carcinoma developed as a collision tumor (two originally separate tumors that have developed in close The mean numbers of lesions per participant reflect simple averages, whereas the rate ratios (the ratio of the estimated rates in the two study groups), relative differences (1 minus the rate ratio, multiplied by 100), and P values are estimated from a model that includes center and skin cancer count in the previous 5 years as covariates. When the covariates of center and 5-year nonmelanoma skin cancer history were omitted from the models in secondary analyses, the conclusions remained unchanged and the estimates corresponded directly to the ratio of mean numbers per participant in the two groups. The rate of new nonmelanoma skin cancers (NMSCs) during the 12-month intervention period was significantly lower with nicotinamide than with placebo (relative difference, 23%; P = 0.02), with similar relative differences observed for both basal-cell carcinomas (BCCs) and squamous-cell carcinomas (SCCs). This benefit with nicotinamide was not observed during the 6-month postintervention period. Because of rounding, the mean number of SCCs per patient appears identical in the two study groups; the actual values are 0.250 for the placebo group and 0.325 for the nicotinamide group. Although the between-group comparison for the postintervention period is unbiased, the annualized rates for this period cannot be compared directly with those from the 12-month intervention period because of variance in the duration of surveillance of detected lesions that did not immediately warrant biopsy (e.g., a lesion identified at month 3 could be monitored for many months before being confirmed as a nonmelanoma skin cancer on biopsy, whereas a lesion identified at month 18 could not be monitored for many months). proximity) with a squamous-cell carcinoma in a patient receiving nicotinamide. There were no clinically or statistically significant differences between the study groups with respect to changes in weight, blood pressure, hemoglobin, whitecell count, platelet count, or levels of creatinine, alkaline phosphatase, γ-glutamyl transferase, alanine aminotransferase, or aspartate aminotransferase.
Discussion
The rate of new nonmelanoma skin cancers was lower in the nicotinamide group than in the placebo group (relative difference, 23%; P = 0.02), with similar differences in the rates of new basal-cell carcinomas and new squamous-cell carcinomas. There was a trend toward increasing effectiveness of nicotinamide among patients who had had higher numbers of nonmelanoma skin cancers in the preceding 5 years; however, the statistical evidence was limited, given the multiple tests performed, and is insufficient to warrant restricting treatment to a particular subgroup of high-risk patients, particularly in light of the favorable safety profile and low cost of nicotinamide. The possible increased efficacy among participants with higher numbers of nonmelanoma skin cancers may reflect the immunoprotective effects of nicotinamide. 18 Patients with previous skin cancers have a greater susceptibility to the immunosuppressive effects of sunlight, 18 and it may be that this susceptibility is more pronounced in patients with higher numbers of nonmelanoma skin cancers, who thus may have a greater potential to benefit from nicotinamide.
Sunscreen is effective in reducing the number of actinic keratoses and the incidence of squamous-cell carcinoma, 8 but even in our high-risk study population, only half the patients had used sunscreen in the week before baseline. Hence, potential exists for oral chemopreventive agents to become an effective component in the prevention of skin cancers. By chance, there was a lower rate of sunscreen use from baseline to 12 months in the nicotinamide group than in the placebo group. The lower number of new nonmelanoma skin cancers with nicotinamide treatment than with placebo observed in our study is therefore not attributable to chance differences in sunscreen use. Other agents with evidence of clinical efficacy for the prevention of nonmelanoma skin cancer include oral retinoids, topical DNA repair enzymes, and oral nonsteroidal antiinflammatory drugs. In a randomized, controlled trial involving 2297 participants, the risk of new squamous-cell carcinomas was lower among those who received oral administration of 25,000 IU of retinol daily than among those who received placebo (hazard ratio, 0.74; P = 0.04), but the risk of basal-cell carcinomas was not lower with retinol (hazard ratio, 1.06; P = 0.36). 25 A number of smaller studies showed that oral retinoids such as acitretin and isotretinoin significantly reduced the risk of new nonmelanoma skin cancers, [26] [27] [28] [29] although these agents are associated with substantial adverse effects including dry skin, increased lipid levels, hepatotoxic effects, and teratogenicity. 30 Treatment with topical DNA repair enzymes was associated with a lower rate of new actinic keratoses and basal-cell carcinomas than was placebo in patients with xeroderma pigmentosum, 31 but the usefulness of these DNA repair enzymes in the broader population is limited by cost and availability. A randomized, controlled trial involving 240 patients showed that treatment with the nonsteroidal antiinflammatory drug celecoxib was associated with a significantly lower rate of new nonmelanoma skin cancers than was placebo, but this was not a primary or secondary end point of the trial. 23 Nicotinamide was significantly associated with lower actinic keratosis counts than those with placebo as early as the first 3-month visit and at each subsequent 3-month visit up to 12 months, a finding that is consistent with the results from our previous phase 2 studies. 19 Similarly, there was a relatively constant, although nonsignificant, trend toward lower rates of new nonmelanoma skin cancers in the nicotinamide group than in the placebo group at each 3-month visit during the 12-month intervention period. This benefit was not maintained in the postintervention period. The trend toward lower rates of new nonmelanoma skin cancers with nicotinamide than with placebo starting from 3 months after the start of intervention suggests that nicotinamide suppresses the progression of nascent, preexisting cancers. The chemopreventive effect of nicotinamide was lost shortly after discontinuation, a finding that was also seen with respect to oral retinoids in other studies. [26] [27] [28] 32 Nicotinamide appeared to reduce the incidence of new superficial basal-cell carcinomas more than that of other subtypes, whereas it had a relatively constant effect across strata of differentiation of squamous-cell carcinoma. However, interpretation was limited by small numbers of high-risk subtypes of basal-cell carcinoma (micronodular, infiltrating, and morpheic) and of poorly differentiated squamous-cell carcinomas. The characteristics of superficial basal-cell carcinomas differ from those of nodular basalcell carcinomas at the molecular level, 33 and superficial basal-cell carcinomas are proportionally more common in immunosuppressed transplant recipients, 34 which suggests that different biologic pathways underlie the pathogenesis of superficial basal-cell carcinomas and may enable them to be more readily prevented by nicotinamide.
We found that nicotinamide had a good safety profile. Nicotinamide has been used at pharmacologic doses (up to 3 g daily) over many years with minimal side effects 35 and is used clinically to treat autoimmune blistering disorders such as bullous pemphigoid, usually at doses of 1.5 g daily. 36 Unlike nicotinic acid (niacin), nicotinamide does not cause vasodilatory side effects such as flushing, itching, hypotension, and headaches. 37 Our decision to use a dose of 1000 mg daily was based on the results of our phase 2 studies that showed a reduction in actinic keratosis counts at this dose. 19 Previous studies on immunosuppression induced by UV radiation suggested that there is no greater efficacy with 1500 mg than with 500 mg daily, 18 but the minimum and maximum effective chemopreventive doses are as yet unknown.
In conclusion, among high-risk patients, nicotinamide was associated with a lower rate of new nonmelanoma skin cancers than was placebo and had an acceptable safety profile. Nicotinamide is widely accessible as an inexpensive over-the-counter vitamin supplement and presents a new opportunity for the chemoprevention of nonmelanoma skin cancers that is readily translatable into clinical practice.
Supported by a project grant from the National Health and Medical Research Council. Dr. Chen was supported by an Australian Postgraduate Award and a University of Sydney Postgraduate Scholarship in Dermatology.
Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.
We thank our study participants for their participation in this project; Blackmores (Warriewood, NSW, Australia) for donating the placebo and nicotinamide tablets used in our study; The change from baseline in the number of actinic keratoses was adjusted for center and number of actinic keratoses at baseline. The number of actinic keratoses was 11% lower in the nicotinamide group than in the placebo group at 3 months (P = 0.01), 14% lower at 6 months (P<0.001), 20% lower at 9 months (P<0.001), and 13% lower at 12 months (P = 0.001). 
